/body Eukaryotic mRNA is capped at the 5' end by a 7-methyl GMP moiety via an inverted 5'-5' triphosphate linkage (m 7 GpppX) (1, 2) . The cap structure is required for mRNA stability and efficient translation. Capping of RNA 5' end is accomplished in cells and for most viruses in three sequential catalytic reactions (3, 4) : removal of the 5' γ-phosphate by RNA triphosphatase, addition of GMP from GTP by guanylyltransferase and methylation of the added GMP by methyltransferase. Influenza virus, however, employs a different mechanism (cap-snatching) to furnish its mRNA with the structure (5-7). The trimeric viral polymerase binds the cap of host mRNA, cleaves the RNA endonucleolytically 10-13 nucleotides downstream and utilizes the capped fragment as a primer to synthesize its transcript. So far, only negative stranded RNA viruses and ambiviruses (the Orthomyxoviridae, Bunyaviridae, and Arenaviridae families) have been known to use this strategy to furnish their mRNAs.
The totivirus L-A, which infects the yeast Saccharomyces cerevisiae, has a nonsegmented double-stranded RNA (dsRNA) genome of 4.6 kilobases (kb) (8) . Typical of fungal viruses, L-A has no extracellular transmission pathway. This virus is transmitted vertically from mother to daughter cells, or horizontally through mating. The L-A genome contains two overlapping genes, gag and pol, and the latter is expressed as a Gag-Pol fusion protein by a -1 ribosomal frameshift (9, 10) . The genome is packed inside of a 39 nm icosahedral capsid consisting of 60 asymmetric Gag dimers, in which one or two Gag molecules are substituted by Gag-Pol. The N terminal Pol region is necessary for genome packaging, although Gag alone is sufficient to form morphologically normal capsids (11) .
M1, a satellite RNA of L-A, has a dsRNA genome (1.6-1.8 kb) that encodes a protein toxin and immunity (12) but no protein necessary for its own replication. It requires L-A for encapsidation and replication. Thus M1 can be maintained in the cell without the helper virus provided that L-A proteins are expressed from a vector (13) . Two decades ago Blanc et al. (14) found that the L-A coat protein Gag covalently binds the cap structure of mRNA.
The reaction was inhibited by the cap analogue m 7 GpppG but not by the non-methylated
GpppG. The subsequent study revealed that m 7 Gp decapped from mRNA covalently attached to His154 of Gag (15) . Site-directed mutagenesis found His154 essential for decapping of mRNA but its mutation (Arg154) did not affect transcription, replication and encapsidation of viral RNA (15) . L-A virions can synthesize positive strand transcripts in vitro in a conservative manner (16) . Recently we found that L-A and M1 transcripts have diphosphate at their 5' termini (5'-ppGAAAAAU…; L-A and M1 share the same 7-nt sequences at the 5' ends) (17) . More strikingly, when transcription was primed with GTP or GMP, the transcripts again bore the diphosphate at the 5' ends. In the latter case, the 5' β-phosphate was derived from the γ-phosphate of ATP present in the reaction. Therefore, L-A virus deliberately keeps its transcripts diphosphorylated at the 5' ends.
We speculated that, if m 7 Gp derived from host mRNA was transferred to the diphosphorylated 5' end of the viral transcript, it would produce an authentic cap structure in yeast. We tested this hypothesis. Here we describe a novel cap-snatching mechanism in the dsRNA virus L-A. L-A only transfers the m 7 Gp moiety derived from mRNA to its
transcript. We also demonstrate that this capping reaction is essential for efficient expression of the viral transcript.
RESULTS

Cap transfer reaction.
A 5 nt cap donor, 32 p-labeled at the γ-phosphate of the triphosphate linkage, was incubated with L-A virions in a transcription mixture containing the 4 NTPs.
The full-length L-A transcript incorporated the radioactivity (Fig. 1A, lane 1) . To further analyze the reaction, CTP was omitted and GTP was replaced by GDP. Previously we observed that GDP is a better substrate to prime transcription than GTP (17) . Because the first C appears at position 17 in the L-A transcript, the virions synthesize a 16 nt L-A fragment in the absence of CTP. L-A virions can also incorporate a cap analogue (m 7 GpppG) as a primer and produced a 17-nt transcript (17) . In the presence of the cap donor, GDP-primed transcripts incorporated the label, which moved in a polyacrylamide gel slightly slower than the 16 nt transcript but as fast as a cap analogue (m 7 GpppG)-primed 17 nt transcript did (Fig. 1B, lanes 4 to 6) . The omission of GDP abrogated the incorporation, indicating that the reaction is transcription-dependent and that the cap donor (or part of it) was not used as a primer (Fig. 1B, lane 3) . The labeled product was isolated from the gel and analyzed by thin layer chromatography (TLC). Bacterial alkaline phosphatase (BAP) treatment did not release radioactivity (Fig. 1C, lane (Fig. 1C, lane 6 ). Because TAP can hydrolyze anhydrous bonds between α− and β−, and also β− and γ−phosphates of the triphosphate linkage, it indicates that the label was located at the γ−phosphate in the capped product. These results demonstrate that, at least, the m 7 Gp moiety of the cap donor was transferred to the 5' end of the viral transcript and formed a new cap structure on it. The reaction required a high concentration of PEG 4000 (Fig. S1) while a non-methylated capped molecule made in the absence of SAM did not function as cap donor (Fig. 1D, lane 4) . PEG is known to have bulk structure in aqueous solution that causes crowding of macromolecules in the solution and has successfully been used to reconstitute the transcriptase activity of L-A virus in vitro (18) . A 107 nt capped molecule exhibited similar or better donor activity than the 5 nt donor (Fig. S2 ). as observed previously (17) . After TAP treatment the capped product remained at the origin (Fig. 2B , lane 6), indicating that the label was still associated with the RNA body of 16 nt.
Preservation
A further treatment with S1, however, converted it to GMP ( barely produces the toxin as described (15) (Fig. 3C ). From these in vivo results we conclude that the cap-snatching mechanism operates in the cell and does produce capped viral transcripts, and that the capping reaction is essential for efficient expression of the viral genome.
DISCUSSION
We have demonstrated a novel mechanism of cap-snatching in the yeast dsRNA products were analyzed on either agarose or acrylamide gels. TLC using PEI cellulose was done as described (17) . Decapping reaction was done as described (14) . indicates that the nucleotide was derived from the 5' end of the transcripts.
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